Abstract-The engineering of technologies for heart valve replacement (i.e., heart valve engineering) is an exciting and evolving field. Since the first valve replacement, technology has progressed by leaps and bounds. Innovations emerge frequently and supply patients and physicians with new, increasingly efficacious and less invasive treatment options. As much as any other field in medicine the treatment of heart valve disease has experienced a renaissance in the last 10 years. Here we review the currently available technologies and future options in the surgical and transcatheter treatment of aortic valve disease. Different valves from major manufacturers are described in details with their applications.
INTRODUCTION
Severe heart valve disease and its sequelae lead to significant morbidity and mortality. Ross and Braunwald in a seminal paper from 1968 demonstrated the natural history of aortic stenosis, which is manifested by a long presymptomatic period followed by complications and short survival times after the onset of symptoms. 71 The prevalence and incidence of heart valve disease have continued to rise as life expectancy increases and the population ages. 15 Treating severe valve disease and the associated symptoms drives innovation with the ultimate goal of improving patients' life expectancy and quality of life. While challenging, this ever-changing field has made significant improvements since the first replacement valves were developed in the 1950s. 55 The current surgical and transcatheter treatments, while still not ideal, have given patients hope that they can live for an extended period with a disease that previously had very poor outcomes. For instance, a patient who as recently as 10 years ago may have had a prohibitive risk of surgery can now have a transcatheter aortic valve replacement (TAVR) and enjoy the benefits of treatment they otherwise would have been denied. This has resulted in more than 80,000 valve replacements utilizing bioprosthetic valves or mechanical valves per year in the United States alone, and more than 300,000 worldwide. 68, 74 In addition, since 2002, there have also been over 50,000 TAVR procedures performed worldwide. 68 Many of the mechanisms involved in the pathophysiology and progression of valve disease are not completely understood, making development of medical therapies difficult. Surgical procedures are the most effective treatment for diseased valves. In fact, surgical intervention is associated with a significant survival benefit and a relatively low perioperative mortality and morbidity, even for elderly patients above 80 years of age. 76 Several different types of replacement valves have been developed and continue to evolve in order to be more durable and less invasive. These include mechanical, bioprosthetic, and transcatheter replacement valves currently manufactured by Edwards Lifesciences, Medtronic, St. Jude Medical, Sorin Group, Boston Scientific, and others. Transcatheter valves are currently only recommended for non-operative or high risk patients in the U.S., but require a less invasive procedure as they can be delivered through a minimally-invasive procedure that many can undergo in the absence of general anesthesia. In this portion of a four part review series we discuss with great breadth, the currently available options in the surgical and transcatheter treatment of aortic valve disease. Different valves from major manufacturers are described in detail with the applications for each. Part I of the series reviewed the future directions for heart valve replacement including, but not limited to, tissue engineered and polymeric heart valves. Part III of the series focused on the repair and replacement options for the mitral valve. Finally, part IV is a focused review of advanced computation modeling of and experimental testing of heart valves.
MECHANICAL HEART VALVES
Mechanical heart valves were first designed in the 1950s as a ball-and-cage valve based on the bottle stoppers from the 1800s. The first ever artificial valve approved by the FDA was the Starr-Edwards valve designed by Miles Lowell Edwards, a hydraulics engineer, and Albert Starr, a cardiovascular surgeon. 55 This valve was successfully implanted in a human in 1960, and while revolutionary, due to its design, it has high transvalvular gradients in smaller sizes that disrupt hemodynamics and the patient requires lifetime anticoagulation. Although the ball-and-cage valve is not used today because of its shortcomings, 62 mechanical valve technology has improved, by leaps and bounds, and still provides the patient with a durable valve that rarely has mechanical failure. In fact, according to the Society of Thoracic Surgeons adult cardiac surgery database, mechanical valves were implanted into 34% of all patients 30 years of age or younger undergoing aortic valve surgery. 13 While the use of mechanical valves has been declining in recent years due to the increasing popularity of bioprosthetic surgical and transcatheter valves, 60 due to their durability, mechanical valves are and will continue to be commonly implanted, for the foreseeable future.
Mechanical valves come in a variety of shapes, sizes, and materials. 19 Currently, mechanical aortic valves typically have a bileaflet design consisting of a sewing ring surrounding two semicircular disks (Fig. 1) . Bileaflet design has largely replaced monoleaflet valves which are composed a single disk with lateral or central securing struts that allow the disk to open and result in two distinct orifices of different sizes. Pyrolytic carbon, a material similar to graphite, is used for the disks due to its resistance to thrombosis. Here, we summarize the characteristics, studies and future directions of the currently available mechanical aortic valves organized by the manufacturer.
The aortic line of Medtronic mechanical valves consists of the Open Pivot valves, which include the Open Pivot standard aortic valve and Open Pivot AP both of which are also available for implantation in the mitral position. Medtronic also offers the Open Pivot AP360 which is solely for use in the aortic position. AP360 provides a supra-annular flanged cuff for added flexibility and conformability in addition to the fea- tures of the other open pivot valves. In general, the purpose of the open pivot as opposed to a cavity pivot is to attempt reducing the nidus for thrombus formation created by a cavity pivot. 27 There is a continuous passive washing through an unimpeded flow of blood, which minimizes hemolysis and is considered a secondary mechanism to minimize thrombus formation. 45 Excellent hemodynamics, durability, and ease of implantation are felt to be strengths of the Medtronic mechanical valves. 28, 80 Medtronic mechanical aortic valves come in annular sizes that range from 16 to 26 mm.
Most mechanical valves have been implanted in a large volume of patients with significant follow up data, and the Medtronic valves are no exception. A recent publication from a single center in Belgium followed all patients with an Open Pivot valve implanted over a 20 year period. 81 In total, 1520 Open Pivot valves were implanted in 1382 consecutive patients with a 99% rate of follow-up. When implanted in the aortic position there were only five documented cases of valve thrombosis and nearly 90% of patients were free of thromboembolism at 240 months. There were no documented cases of structural valve deterioration. Another study from Australia used the Open Pivot valve as part of a conduit for aortic root replacement, and included 246 patients. 58 The Open Pivot was found to be a safe and durable option for root replacement and the patients had a 10 year survival of 79%.
Finally, the in vitro studies of the Open Pivot have been compared to valves with a single tilting disk and those with a recessed hinge mechanism to determine if not only does the valve improve hemodynamics, but also prevent thrombus formation. When compared to a single tilting disk, investigators found improved pressure drop characteristics with the Open Pivot valves, and thus a small, but significant improvement in overall fluid dynamic performance. 58 Open Pivot compared to a recessed hinge was shown in computational studies to provide more exposure of the hinges to the mainstream laminar flow for a positive washing effect. 83 This is of course a computational result and cannot directly infer a lower rate of thrombus, but is encouraging.
St. Jude Medical's mechanical aortic valve product line consists of the Masters HP Series which can also be used in the mitral position. In addition, St. Jude Medical produces the Regent aortic valve; a supraannular valve that delivers baseline gradients in the single digits, even in valve sizes as small as 19 mm. 6 First implanted in 1977, the Masters Series is still used today, and offers excellent durability with a reasonable flow profile. 50 Incremental improvements aimed at ease of implantation, 77 hemodynamic performance, effective orifice area, and pressure gradients have been made over the years. 94 With the Regent, St. Jude touts improved hemodynamics over the older valve designs and provides more laminar flow. 9 Annular sizes covered by the Regent are 19-27 mm, with either a standard sewing cuff or a FlexCuff model.
Given the longevity of the St. Jude valves availability, there has been a great number of clinical and hemodynamic studies conducted on these valves. The most recent work has been centered on the use of the Regent valve in those with small aortic annuli. Most studies are single center but have shown promising results. For instance, a study published this year in patients with severe AS, using a 17 mm Regent valve showed that not only did patients have a significant reduction in New York Heart Association (NYHA) Functional Class, but significant reductions in LV mass index despite the small valve size. 65 The investigators drew the conclusion that this valve was an excellent option for those with a small aortic annulus. Hemodynamic studies of the valve have been both in vivo, in vitro and computational. In one study, in vivo hemodynamics was assessed in patients several years after surgery by imaging at rest and under dobutamine stress. 61 Under considerable increases in hemodynamic stress, there was an expected increase in transvalvular gradient, but no decreased in effective orifice area. Clinical follow-up was also provided and no cases of structural failure were reported. Simulated studies on flow through the Regent valve and its effect on platelet activation showed that the Regent valve had a favorable flow field that did not activate platelets in the simulation. 87 Sorin Group (Sorin Biomedica Cardio S.p.A., Saluggia, Italy) offers several mechanical aortic valves under its Carbomedics line. The Carbomedics aortic valves include the Carbomedics Standard aortic valve, a standard pediatric aortic valve, the Carbomedics Top Hat, the Carbomedics Reduced Series and the Carbomedics Orbis. In addition, there is a Bicarbon line, which is encompassed by the Bicarbon Fitline, Bicarbon Overline and Bicarbon Slimline. Carbomedics aortic valves generally have a low rate of thromboembolism, when compared with other mechanical valves, as is found with their sister Carbomedics mitral valves. 16 When directly compared to the ATS (now Medtronic) AP, the On-X and St. Jude Regent, through in vitro testing, Bottio et al. 12 found that the Bicarbon Slimline and the St. Jude Regent had significantly lower baseline gradients when placed in a small aortic annulus (i.e., 21 mm). Additionally, the Bicarbon line has been shown to have a larger effective orifice area compared to the other valves. 32 The Fitline is intraannular and comes in sizes from 19 to 31 mm, the Overline is supra-annular and is sized from 16 to 24 mm, and finally the Slimline is supra-annular and available from 17 to 27 mm.
There is also a large volume of clinical follow-up with Sorin valves. A group in Italy recently published 17 year follow-up from a cohort of 507 patients with Sorin mechanical valves. 17 This study found that only five patients required re-operation, which accounted to 0.08% patient-years, and there were a total of 15 valve related deaths in the subset of patients who had an aortic valve replacement. 17 Another study from Spain demonstrated that that patients with Sorin Bicarbon used for their aortic valve had over a 93% event free survival at 24 months. 67 Overall, Sorin mechanical valves have been consistently shown to have excellent in vitro functionality and favorable clinical outcomes.
On-X Life Technologies (Austin, TX, USA) produces a line of aortic valves that differ based on their sewing ring. The aortic valves come with three available sewing rings as opposed to two as with their mitral valves. There is a standard ring, a conform-x ring, and an anatomic ring. Durability and low rates of thromboembolism are claimed advantages of the On-X aortic valves. Annular sizes available range from 19 to 29 mm. Also available is an Ascending Aortic Prosthesis in the same size range. The valves offer several features that On-X touts which include pure carbon coatings to limit platelet activation, longer axial valves to improve hemodynamics, a flared inlet orifice to reduce turbulent flow, full 90°leaflet opening, and ''soft landing'' two point closure. Finally, On-X uses an actuated pivot design that they promote as being stasis free and non-hemolytic. This is accomplished by introducing flow paths between the leaflet and pivot wall. Efforts to model the ideal hinge, may sound less critical, but are in fact paramount to the development of durable mechanical valves with a low rate of hemolysis and thrombus formation.
While in many occasions valve manufacturers promote novel features of their valves without concrete evidence, the novel features of the On-X valves to reduce thrombus formation were studied in the Prospective Randomized On-X Anticoagulation Clinical Trial (PROCAT). 66 In PROCAT, a prospective randomized control trial, 375 patients underwent AVR with an On-X valve and were assigned to control (INR 2-3 and ASA 81 mg daily) and test (INR 1.5-2 after 3 months and ASA 81 mg daily) groups. The test group patients had a significantly lower rate of major and minor bleeding while having no significant increase in death, stroke or TIA. 66 Clinical data from a 12 year follow-up of 691 patients after On-X mechanical valve replacement in England showed a thrombosis rate of 0% in the aortic subset with a reoperation rate of 0.2% and a mortality of only 2.2%. 18 Regardless of the type of mechanical valve implanted, lifelong anti-coagulation therapy with a vitamin K antagonist (VKA, i.e., warfarin) is still nearly universally prescribed for patients who can tolerate this therapy, which in turn, increases the risk of major bleeding complications such as hemorrhagic stroke. 36 This increased risk of bleeding limits a patient's ability to participate in activities that have an increased risk of traumatic injury. The 2014 AHA/ACC guidelines for the management of patients with valvular heart disease contain the anticoagulation protocols for those with mechanical valves. 59 Class I recommendations in AVR are for anticoagulation with a VKA to achieve an international normalized ratio (INR) of 2.5, regardless of the mechanical valve manufacturer, if no risk factors for thromboembolism exist. If risk factors for thromboembolism exist, then the goal INR is 3 for those with a mechanical AVR. The addition of ASA 75-100 mg daily is also recommended in addition to a VKA. Of note, the results of the previously discussed PROCAT study have not yet been incorporated into the guidelines.
Mechanical valves are indicated in younger patients in whom a durable valve that can last decades is desirable. This decision must also be accompanied by the assessment of the patient's ability to tolerate anticoagulation. As discussed previously, lifelong treatment with VKA can lead to significant bleeding complications. Ultimately, the durability of mechanical valves is the primary advantage over bioprosthetic valves where leaflet deterioration is a much greater issue. Bioprosthetic valves provide a flow profile that is more physiologic and do not require long term anticoagulation.
Optimizing the design of mechanical valves to improve flow profiles and minimize valve related complications, is achieved through both computational and experimental techniques. As previously discussed, the hinge points promote a complex and unsteady flow which in turn results in stagnation and thrombus formation. 43 Reducing the potential for thrombus formation through the redesign of hinges is an active area of research. For instance, computational fluid dynamics (CFD) is used to study flow through physiologic 3D geometries before and after virtual valve implantation. 2, 23, 92 Additional uses of CFD are the estimation of the thrombogenicity of devices based on their geometry. This is achieved in combination with experimental approaches by examining the effect of distinct flow phases on platelet activation. 88 Particle image velocimetry is another in vitro technique that can be used to study systolic and diastolic flow of regurgitant jets, 29, 34 valve orifices, 30 and at the leaflet insertion hinges. 43 More information on computational and experimental valve studies are provided in Part IV of this review series.
Pre-clinical valve optimization is difficult due to the complex flow across the valve that includes areas of high velocity and viscous shearing, which may in turn cause platelet activation and hemolysis. This is contrasted with areas of the valve that promote thrombus formation due to low flow velocities and resultant increased residence times. An additional manner through which to reduce thrombus formation is the development of surface coatings that resist platelet activation. One relatively new technique utilizes a polymerization process that uses horseradish peroxidase (HRP) as a catalyst to make hydrophilic polymers needed for a non-adhesive outer coating. 8 Biocompatible flow chambers used to simulate the ex vivo performance and response of mechanical and bioprosthetic valves may also prove to be a significant development; however, they have yet to be fully optimized. 91 A newer mechanical heart valve design utilizes three pyrolytic carbon leaflets and may more closely mimic the hemodynamic properties of native tissue as it has a greater effective orifice area in comparison to a similar bileaflet valve (Fig. 2) . This three-leaflet configuration minimizes flow separation and provides a soft closure mechanism, similar to the natural aortic valve, with minimal regurgitation. The trileaflet design has been shown in some studies to reduce outflow tract obstruction, myocardial hypertrophy, and increase blood compatibility. 35, 73 CFD results showed that only 0.7% of the blood volume moving through a trileaflet valve was exposed to shear rates high enough to cause platelet activation. 44 Despite these potential advantages, this valve has never been used clinically even though it was developed over a decade ago. Further optimization of mechanical valves to limit thrombosis may provide younger patients with a durable prosthetic valve that has a significantly reduced need for anti-thrombotic medication.
With the continued evolution of the mechanical heart valve field to optimize hinge design, improve hemodynamics, and develop new surface coatings, it is likely that the valves will incrementally improve as they have over the last decade. Tools such as CFD, particle image velocimetry, 29 and echocardiography 48 will aid in this process and perhaps improve the pre-clinical evaluation of valves. Additionally, advances in surface coatings to reduce platelet activation, thrombus formation, and protein aggregation will be important. However, with concurrent advances in bioprosthetic valves, mechanical valves will likely continue to primarily be used in younger patients, and not see significant expansion in their use.
BIOPROSTHETIC HEART VALVES
Bioprosthetic heart valves are designed to mimic the anatomy of the native aortic valve through the use of a trileaflet valve. 63 Composed of either three porcine valve leaflets cross linked with glutaraldehyde or bovine pericardium. By utilizing a more flexible and biocompatible surface results in improved blood flow dynamics to reduce platelet activation, minimize red blood cell damage, reduce thrombus formation and thus mitigate the need for anticoagulation. The main concern for patients when a bioprosthetic heart valve is chosen is degeneration that results in clinical symptoms or the need for reoperation. Bioprosthetic valves require replacement within 10 years in 30% of patients and within 15 years in 50% of patients, and this process is accelerated in those who are young and in pregnant patients. 89 Bioprosthetic valves are becoming more durable as the techniques in stent design and fixative methods improve. A bioprosthetic valve with the durability of a mechanical valve is unlikely to exist anytime in the near future; however, progress is being made and the rapid progress in transcatheter valve technology, which use pericardial leaflets, will likely drive innovation. Here, we provide an overview of the currently available bioprosthetic aortic valves.
Edwards Lifesciences has the largest product line of bioprosthetic aortic valves. Sharing the same product line name as their mitral valves, the bovine pericardial Carpentier-Edwards PERIMOUNT TM Aortic valves offer excellent hemodynamics and durability. 54 
are treated with their ThermaFix process, which is a dual-action treatment aimed at reducing the potential calcium binding sites to improve long term valve performance. 74 Porcine aortic valves produced by Edwards are treated with the patented XenoLogiX treatment which has shown to result in low rates of calcification. 22 The bovine pericardial Carpentier-Edwards PERIMOUNT TM , which is the second generation line of valves, show excellent durability compared to the first generation pericardial valves (Fig. 3) . 54 Structural valve deterioration in elderly patients, occurs at low enough rate to result in an extremely low rate of reoperation. 54 The Prima Plus Stentless Porcine Bioprosthesis is a biograft, a bioprosthesis plus homograft that has exhibited excellent long-term outcomes and maintains optimal hemodynamics. 22, 42 Due to the popularity of Edwards' aortic valves, and the fact that the entire aortic pericardial portfolio is built on the PERIMOUNT design, there is a large volume of clinical follow-up on patients in whom Edwards' valves have been implanted. One large study from France followed 1133 patients who over 18 years had a valve from the PERIMOUNT family in their aortic position. 4 Patients were followed for an average of 5.5 years and only 19 structural valve failures were reported along with the reported data that in patients over 60 years of age 85% remained free from valve failure. 4 A Canadian group directly compared the hemodynamics of the PERIMOUNT Magna valve to the Hancock II valve from Medtronic 1 week postoperatively in matched controls. 11 The Magna valves had significantly lower peak and mean transvavlular gradients in addition to a much lower rate of patientprosthesis mismatch (30 vs. 52%, p = 0.02).
11
Medtronic produces the Hancock II and Mosaic line of stented porcine bioprosthetic valves that are implantable in the aortic and mitral positions. The Hancock II demonstrates very low rates of structural deterioration and overall low amount of valve related complications (Fig. 3) . 10, 79 Similar to the other bioprosthetic valves, the hemodynamics are vastly improved over those of mechanical valves. 10 In addition to the Hancock II there is a Hancock II Ultra with a reduced sewing cuff that is specifically designed for implantation in a small aortic root. Mosaic and Mosaic Ultra are the second line of bioprosthesis available from Medtronic. Using porcine valve tissue combined with a flexible stent to reduce tissues stress, they have shown excellent durability with excellent hemodynamics. 69, 70 Through the use of the proprietary Cinch Implant System, the Mosaic line is especially suited for minimally invasive procedures.
Medtronic also offers the 3f Aortic Bioprosthesis, which they acquired from ATS, and the Freestyle Aortic Root Bioprosthesis. Uniquely designed, the 3f is a tubular structure that aims to mimic the function of a native aortic valve. Through the use of a tubular design, the valve preserves the aortic sinuses, restores the native stress distribution to the entire aortic root, and provides excellent hemodynamics by restoring physiologic and non-turbulent transvalvular flow while maintaining coronary perfusion. 21, 64, 85 Finally, the Freestyle is a stentless bioprosthesis that aims to replicate human physiology while offering excellent durability. 7 As a full root replacement, the Freestyle offers a great deal of surgical versatility. Reported clinical outcomes have been excellent with the Freestyle and studies have shown that use of this device for total root replacement is superior to isolated AVR when the outcome was freedom from reoperation. the standard models and a size of 19 to 27 mm for the supra-annular models. Additionally St. Jude Medical offers the Trifecta valve, and the Toronto Porcine Valve. The Trifecta valve is composed of a fatigue resistant titanium stent with pericardial leaflets attached outside of the stent and a supra-annular sewing ring. Trifecta provides excellent hemodynamics and large orifice areas. Overall the durability data for Trifecta has been promising up to this point. 25 In order to test the resting and exercise hemodynamics of the Trifecta valve, a group in France conducted a multicenter hemodynamic study of patients after implantation with a Trifecta valve in the aortic position. 53 Mean gradients at rest, with low level and peak exercise were measured in addition to transvalvular velocities. The Trifecta valve showed no significant increase in mean gradient or velocity beyond what was expected from altered physiology. Of note, there was also a very low rate of patient-prosthesis mismatch. St. Jude Medical also offers its Toronto stentless porcine valve (SPV) and Toronto SPV II. These valves have excellent hemodynamics with initial durability; however, there have been some concerns over their long-term durability. 5, 26 Sorin Group offers several lines of aortic valves; the Mitroflow Aortic Pericardial Heart Valve ( Fig. 3) and the Soprano Armonia Aortic Valve are the stented line of aortic valves. The Mitroflow and Soprano valves have demonstrated excellent hemodynamics, comparable with stentless porcine valves and superior to some stented bioprostheses, particularly in small sizes. 90 Durability has also been shown to be excellent despite the low profile and small sewing ring which aid in ease of implantation. 90 The valves are available in sizes from 21 to 31 mm. Additionally Sorin Group offers the stentless Freedom Solo and Pericarbon Freedom. Both valves are pericardial valves with no synthetic material aimed at reducing foreign body reactions and infection. The hemodynamics of both valves has been touted as being superior to many of their competitors. In fact, a hemodynamic study directly comparing the stented Carpentier-Edwards PERIMOUNT valve with the stentless Freedom valve showed that the mean AV gradients of the patients who received a Freedom valve were lower immediately post-operatively, at 6 and 12 months. 56 Left ventricular mass index also significantly decreased in both groups, but was more significant in the group that received the Freedom stentless valve. Of note, the Pericarbon Freedom is available in a wide range of sizes from 15 to 29 mm.
Since the 1970s, chemically preserved stent-mounted tissue bioprosthetic valves have been used. With advances in the technology behind bioprosthetic valves that has resulted in greater durability, the use has steadily increased, particularly in the past decade. 74 Despite advances, structural deterioration continues to be the major cause of valve failure, and the principal underlying pathologic process is cuspal calcification. 33, 74 Many strategies have been used to counteract this process which includes systemic and localized drug delivery along with substrate modification. 74 While drug administration has fallen by the wayside, substrate modification through the use of inhibitors for calcium phosphate formation, removal of calcifiable material, improvement of glutaraldehyde fixation and the use of fixatives other than glutaraldehyde. 74 Alternative fixative such as epoxy compounds, carbodimides and acyl azide are not widely in clinical use at this time. 74 With improvements in anti-calcification treatments, and improved leaflet durability, there may come a time when mechanical valves are only used in very select cases and bioprosthetic valves become even more prevalent.
TRANSCATHETER AORTIC VALVES
Transcatheter aortic valve replacement (TAVR) is a novel technology that has progressed a great deal in the past several years. The premise of the procedure is that a stent-caged bioprosthetic aortic valve is implanted through a catheter-based delivery system. These valves can be implanted through the femoral artery, the apex of the left ventricle, the subclavian artery, or directly through the aorta. Used as a therapy for severe aortic stenosis, the initial results have been promising. Patients who were high surgical risk, or those who were inoperable, were the first group of patients who underwent TAVR in large-scale studies, but the latest work is including patients of intermediate risk. 39 A number of valves and delivery systems have been developed by several companies. Some have been more widely used and others are investigational. As the technology progresses, the goals are to overcome the shortcomings of the early devices and improve the implantation process with an option for transcatheter valve retrieval if the initial implant goes wrong. Several of the devices are discussed here with technical and clinical data.
First Generation Devices Edwards Lifesciences Sapien Valve
The Edwards Lifesciences (Irvine, CA, USA) Sapien Valve was the first transcatheter aortic valve approved by the Food and Drug Administration (FDA) for implantation in the United States in November of 2011. In addition to the initial Sapien platform, Ed-wards Lifesciences has developed multiple generations of the Sapien Valve, which include the Sapient XT and the Sapien III (Fig. 4) . All Sapien valves are balloon expandable stented valves with bovine pericardial leaflets. 39 They all have no capability to be repositioned or retrieved. 84 Several differences exist between the Sapien iterations including the use of different stent materials. The initial Sapien platform utilized a stainless steel stent, while the Sapien XT and Sapien III have a cobalt chromium alloy frame. Each valve comes in multiple sizes, with the Sapien being available in 23 and 26 mm sizes, and the Sapien XT and Sapien III being available in 23, 26 and 29 mm sizes (Fig. 4) .
All Sapien iterations have a polymer skirt that is aimed at reducing paravalvular leak. The delivery system is where the greatest progress has been made between the iterations of the Sapien valve. The first Sapien valve has a delivery system-Retroflex TM -with an inner diameter (ID) of 22Fr for the 23 mm valve and a 24Fr ID for the 26 mm valve. Sapien XT has a new delivery system named the NovaFlex+ TM with ID of 16Fr, 18Fr and 20Fr for the 23, 26 and 29 mm valves, respectively. Finally, the Sapien III uses the Commander TM delivery system with a 14Fr ID sheath for the 23 and 26 mm valves, and a16Fr ID sheath for the 29 mm valve (Fig. 4 ). All these valves should be implanted once the stent is expanded; they neither allow for repositioning nor transcatheter retrieval if the valve is misplaced.
To date, the most significant trial of a transcatheter aortic valve was conducted using the Sapien valve. This trial is referred to as the PARTNER trial and was conducted as two parallel independently powered trials that included a total of 1057 patients. 52, 78 All patients had symptomatic severe aortic stenosis, and were determined to be either high risk for traditional open aortic valve replacement or inoperable. The high risk cohort included 699 patients who were randomized 1:1 to either TAVR or traditional open AVR for a primary endpoint of all-cause mortality with the goal being non-inferiority of TAVR. 78 Inoperable patients were randomized 1:1 to TAVR or standard medical therapy with the primary endpoint being all-cause mortality with the goal being a superiority of TAVR when compared to medical therapy. 52 In the high risk cohort, 3 year outcome data has been published and revealed all cause mortalities of 44.2 and 44.8% in the TAVR and open AVR groups respectively. 78 In the TAVR vs. medical therapy group a clear superiority was shown. 51, 52 This trial was the basis for the FDA approval of the Sapien valve in the United States. In June of 2014, Sapien XT received FDA approval for both high-risk and inoperable aortic stenosis patients.
Medtronic CoreValve TM
CoreValve is currently manufactured by Medtronic Inc (Minneapolis, MN, USA) and was the second transcatheter aortic valve approved for use in the United States (Fig. 4) . There are two iterations of the CoreValve, the original and the CoreValve Evolut. Both versions are made of a self-expanding Nitinol stent with porcine pericardial leaflets and a sealing skirt. 84 The Evolut is available in a 23 mm size, while the original CoreValve is available in 26, 29 and 31 mm sizes. All valves are currently delivered through an 18Fr ID delivery system. 84 The CoreValve is not primarily designed to be repositioned or retrieved and the manufacturer does not promote it. 82 According to a 270 retrospective patients study in UK, 47 one-third of the patients undergoing a CoreValve implantation procedure require a permanent pacemaker within the 30 days of the procedure. The approval of the CoreValve was based on the results of the U.S. PIV-OTAL Trial.
14 In this trial, the CoreValve showed excellent results for all-cause mortality and major stroke in the extreme risk or non-operable group.
Second Generation and Investigational Devices Medtronic Engager
A second platform from Medtronic, the Engager TM has a self-expanding Nitinol frame, a polyester skirt and bovine pericardial leaflets (Fig. 5) . The novelty of this valve lies in its control arms, which both guide the operator with tactile feedback and secure the valve during deployment. Two sizes are available, 23-26 mm, which cover effective aortic annulus diameters of 21-26.5 mm. Currently the valve has only been used from a transapical (TA) approach and short term results have been published. 40 
St. Jude Medical Portico Valve
St. Jude Medical (St Paul, MN, USA) developed the Portico TM valve that has not yet gained FDA approval and is under investigation. The valve comes only in the 23 mm size currently and is delivered through an 18Fr catheter (Fig. 5) . 86 Portico TM consists of a selfexpanding Nitinol stent and uses bovine pericardial leaflets. A unique component of the delivery system is that it tapers down to 13Fr diameter at the proximal end. 86 The possibility to reposition, recapture, redeploy, or remove a partially or fully deployed valve may be desirable if the initial implant is placed incorrectly. 86 
Boston Scientific Lotus Valve
The Lotus Valve System (Boston Scientific, Natick, MA, USA) is another novel transcatheter valve that is fully repositionable and retrievable. 37 Two sizes are available, the 23 mm prosthesis, which is deliverable via an 18Fr sheath and a 27 mm prosthesis whose delivery is made through a 20Fr sheath. 37 A braided Nitinol frame is used with a central radiopaque positioning marker and the leaflets are composed of bovine pericardium (Fig. 5) . Currently the valve is under study in human subjects, but does not yet have FDA approval.
Direct Flow Medical Valve
Direct Flow Medical (Lake Forest, CA, USA) developed the Direct Flow Medical Transcatheter Aortic Valve System, which is a unique valve in that it contains no metal in the valve frame and is truly fully repositionable. Given the unique design the valve is also able to be fully deployed and undergo full hemodynamic assessment before final implantation. The valve is a bovine pericardial valve with an expandable Dacron polyester double ring design (Fig. 5) . 75 The upper (aortic) and lower (ventricular) noncompliant ring balloons are interconnected by a tubular bridging system. 75 Initially the rings are filled with contrast media and saline. Once the optimal position is obtained, a polymer is infused into the bioprosthesis replacing the contrast and saline. Then the polymer solidifies and the device is no longer retrievable. 75 Sizes of 25, 27 and 29 mm are produced at this time, and an 18F sheath is used for all valve sizes. 75 The DISCOVER Trial was conducted in Europe using the Direct Flow Valve, and results were promising.
JenaValve
JenaValve (JenaValve Technology, Munich, Germany) is a Nitinol self-expanding valve with porcine pericardial leaflets and a porcine pericardial patch, which functions as the skirt. 41 The valve is available in three sizes (23, 25 and 27 mm) that are designed to cover annular sizes from 21 to 27 mm. A unique feature of the JenaValve is the anchoring mechanism which has ''feelers'' that sit in the sinuses of the native valve (Fig. 5) . 72 Native valve leaflets are then clipped in between the ''feelers'' and the valve body. This mechanism of placement ensures that the valve is firmly implanted using active fixation which is independent of the level of calcification on the native aortic valve. 72 Using this mechanism of implantation allows JenaValve to be efficacious in the treatment of severe aortic regurgitation in addition to aortic stenosis. A major drawback of the JenaValve is the fact that the delivery system is very large (32Fr in diameter).
Symetis Acurate
Symetis (Ecublens, Switzerland) has developed the Acurate TM system of transcatheter valves that come in separate TA, transfemoral (TF) and transaortic (TAo) systems. All of the valves are composed of a selfexpanding Nitinol stent with porcine pericardial leaflets and a polyethylene terephthalate (PET) skirt. The family of valves comes in three sizes, S, M and L, which are designed to cover annular sizes from 21 to 27 mm (Fig. 5) . Acurate TM has a novel upper crown that allows for accurate annular placement with tactile feedback, and a lower crown that only minimally protrudes into the left ventricular outflow tract, minimizing conduction system damage. Delivery systems are designed for each system, the TF delivery system is 18Fr. CE mark studies have recently concluded and approval in Europe is expected in 2014. 46 
Colibri Heart Valve
The Colibri heart valve (Colibri Heart Valve LLC, Broomfield, CO, USA) is a balloon expandable stented valve with limited human clinical testing that is novel in its use of a low-profile (14Fr), pre-mounted, prepackaged TAVR system (Fig. 5) . 31 Leaflets are porcine pericardium and the stent material is stainless steel. As with the JenaValve a tissue skirt is utilized to minimize paravalvular leak. 31 
Foldavalve
An investigational device created by FOLDA, LLC (Rancho Santa Margarita, CA, USA), Foldavalve is a low profile (14Fr) transcatheter valve with a novel leaflet configuration that spares the leaflets from being crimped during delivery, and therefore, preserves the quality of the leaflets comparable to surgical valves (Fig. 5) . 38 The valve is composed of a self-expanding Nitinol stent surrounding porcine or bovine pericardial leaflets. During delivery, the leaflets are kept outside of the stent and then fold back into the stent forming a trileaflet valve when the stent is expanded. During implantation the valve is repositionable and once placed it can be fully retrieved. Currently the device is in pre-clinical testing.
Limitations and Challenges
TAVR has progressed a great deal and with a host of new devices on the horizon and new iterations of the first generation devices now in market, there is reason to expect further expansion and indications of the technology. Limitations still exist that include, but are not limited to, vascular complications from large delivery systems, paravalvular leak (which has been shown to have clinical adverse effects) and malpositioning (which can result in coronary obstruction or conduction system disruption). Furthermore, there are few recent quantitative data that evaluates leaflets in-jury due to crimping. 1, 3, 20, 24, 49, 93 It has been shown that mechanical stresses affecting pericardial leaflets can cause disruption of collagen fiber orientation, 1 that may lead to calcification and possible early valve failure. 49, 74, 93 What effects this damage may have on the durability of transcatheter valves compared to surgical bioprosthetic valves is not yet known. 1, 84 The success of transcatheter technology would suggest that TAVR will see expanded indications in lower risk patients. As a result, leaflet durability will be of increased concern. A recent study by Alavi et al. showed that the aggressively crimped leaflets are severely damaged, suggesting either the leaflets should be placed outside the stent during crimping or they should not be aggressively compacted. 1 This study also recommends that the ambition for lower profile devices should be tempered to avoid leaflets damage. 1 
CONCLUSION
Aortic valve disease is a significant cause of morbidity and mortality worldwide. With an improvement in global medical care and a resultant increased life expectancy, aortic valve disease will only see an increasing prevalence, which will necessitate more and less invasive therapeutic options. Additionally there will always be a group of patients with congenital valve disease who require valve replacement early in life. Therefore multiple valve replacement options will always be necessary whether they can be performed surgically or percutaneously. Here we have reviewed the currently available mechanical, bioprosthetic and transcatheter valves along with emerging therapies for aortic valve replacement.
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